Jasmonates are widely distributed in the plant kingdom and have multiple biological activities. [1] [2] [3] Among these biological activities, tuberonic acid glucoside (TAG) and tuberonic acid (TA), which were isolated from the lea‰ets of potato (Solanum tuberosum L.), 4, 5) had potato tuber-inducing eŠects. Jasmonic acid (JA) and methyl epi-tuberonate glucoside have been isolated from Jerusalem artichoke (Helianthus tuberosus L.) 6) and showed high potato tuber-inducing activity. However, plants synthesize many fatty acid derivatives, several of which play important biological roles, and jasmonates are well-characterized examples. The biosynthesis of jasmonates occurs via the octadecanoic pathway, starting from linolenic acid, to give jasmonates which have a (1R, 2S ) absolute conˆguration ( Fig. 1 ). 7) There are some reports mentioning the metabolic fate of exogenously applied (±)-dihydro-JA 8) and (±)-JA 9) in plants and microorganisms, 10) although there are no reports demonstrating the metabolic pathway to O-glycosylated derivatives in plants. We report in this paper the metabolism of deuteriumlabeled (±)-JA and 3-oxo-2-[(Z )-2?-pentenyl]cyclopentan-1-octanoic acid to glyscosylated jasmonic acid derivatives, using cultures of potato single-node stems (S. tuberosum L.).
Materials and Methods
Feeding experiment with deuterium-labeled JA. The feeding experiment was carried out by using cultures of potato single-node stems in vitro.
11) Brie‰y, the single-node stems, which had been prepared from etiolated potato shoots (S. tuberosum L. cv Irish Cobbler), were sterilized with 1z NaClO for 1 h. Three segments were planted horizontally in a 100-ml ‰ask that contained 10 ml of a basal medium (usually White's medium) supplemented with deuterium-labeled (±)-JA and (±)-epi-OPC 8:0. The concentration of sucrose in the medium was 2z by wt. The medium was adjusted to pH 5.6 and solidied with 0.6z Bacto agar (Difco). The cultures were maintained at 259 C in the dark for 3 weeks.
Extraction and puriˆcation of TAG and 4?-OGlcJA. The plant materials obtained from 20 ‰asks were frozen at -259 C, crushed and then soaked in 80z aq. MeOH (1:10, w W v) for 48 h. The mixture wasˆltered to give a crude extract. Before puriˆca-tion, (±)-2?,3?-dihydro-epi-TAG (50 mg) was added to the extract as an internal standard. The solvent of the extract was removed in vacuo, and the residue was dissolved in H2O (100 ml). The mixture was washed with CHCl3 (100 ml), and the H2O phase was concentrated in vacuo. The residue was dissolved in (1 ml×4). The fraction of the AcOH-MeOH eluate was concentrated to give a residue, which was dissolved in 3 ml of a 0.1 N AcONH4-AcOH buŠer (pH 5.6). To the mixture was added b-glucosidase (5 mg), and the mixture was shaken (100 rpm) at 379 C for 24 h. The mixture was directly loaded into a Bond Elut C 18 cartridge column. The column was washed with H2O until the pH value of the eluate reached 6-7 and then with 80z aq. MeOH (2 ml×4). The fraction of the 80z aq. MeOH eluate was concentrated to aŠord a residue, which was dissolved in MeOH-H 2 O (4:1, 100 ml), before being loaded into a column of Wakosil-II 5C18 (10 mm×300 mm; Wako Pure Chemical Industries). The column was eluted with a mixed solvent of MeOH (solvent A) and 0.2z AcOH-H 2 O (solvent B), using a linear gradient with the ‰ow rate of 3 ml min -1 ; from 0 sec to 30 sec, the column was eluted with the mixed solvent of A:B＝ 70:30, and then from 30 sec to 25 min, the combination of A and B was linearly converted from 70:30 to 100:0. The column wasˆnally eluted with A:B＝ 100:0 from 25 min to 30 min. In order to determine the relative retention times, indole-3-butyric acid was injected before injecting the sample. The typical retention time for indole-3-butyric acid was 12 min, and the fraction that was eluted during 7-9 min contained (±)-epi-TA, (±)-4?-OHJA and (±)-2?,3?-dihyrdo-epi-TA. The corresponding eluate was concentrated in vacuo to give a residue which was dissolved in MeOH-H2O (4:1, v W v, 40 ml), and a portion (10 ml) of the mixture was subjected to an LC-SIM analysis.
LC-SIM analysis. LC-SIM was conducted with an M-1200AP LC-MS system (Hitachi, Japan). The analytical conditions for HPLC were as follows: column, Wakosil 5C8 (4 mm×250 mm; Wako Pure Chemical Industries); ‰ow rate, 0.5 ml min -1 ; solvent system, MeOH:0.2z aq. AcOH＝30:70 (v W v). The analytical conditions for MS were as follows: nebulizer, 1709 C; desolvator, 4009 C; aperture 1 heater, 1209 C; aperture 2 heater, ON; needle, -2700 V; polarity, negative; multiplier, 2300 V; drift, -40 V; needle voltage, 2700 V; focus, -120 V. Since the system was run in the negative mode, compounds that possessed the -COOH moiety were detected by m W z [M-H]
-. The amounts of deuterium-labeled (±)-epi-TAG and (±)-4?-OGlcJA in the stems were determined from the ratios of the peak areas of the ions that corresponded to deuterium-labeled (±)-epi-TA and (±)-4?-OHJA with (±)-2?,3?-dihydro-epi-TA. All experiments were run in duplicate.
Result and Discussion
The synthesis of (±) 13) In the usual case, synthetic and extracted jasmonates have a 1,2-trans-conˆguration because jasmonates which have the 1,2-cis-conˆguration, as shown in Fig. 1 , are unstable due to steric hindrance to give the C-2 epimeric derivatives. Therefore, the analyzed and deuterium-labeled jasmonates mentioned in this paper had the 1,2-trans-conˆguration. Feeding experiments of the labeled compounds were done by using cultures of potato (S. tuberosum L.) single-node stems. The concentrations of deuteriumlabeled (±)-JA were 1×10 -4 M and 10 -5 M, and that of (±)-epi-OPC 8:0 was 1×10 -4 M. Almost all laterals emerging from the single-node segments of potato stems bore tubers at each concentration. Jasmonates generally have high potato tuber-inducing activity at the concentration of 10 -5 M. The puriˆcation and quantiˆcation for the (±)-epi-TAG and (±)-4?-OGlcJA in plant materials were conducted according to the method described in the experimental section. Before puriˆcation, (±)-2?,3?-dihydro-epi-TAG, which had been prepared from (±)-epi-TAG, was added to the extract as an internal standard. Before running the LC-SIM analysis, the extract was treated with b-glucosidase, because there was no available authentic sample of (±)-4?-OGlcJA. The peaks due to endogenous TA and epi-4?-OHJA were monitored at m W z 225, and those of deuterium-labeled (±)-epi-TA and (±)-4?-OHJA were monitored at m W z 230. The ion peak due to (±)-2?,3?-dihydo-epi-TA was monitored at m W z 227, this being detected in every experiment. The peaks derived from (±)-4?-OHJA, (±)-epi-TA and (±)-2?,3?-dihydo-epi-TA were observed at around 35.5, 38.5 and 56.0 min, respectively. The peaks observed at around 35.5 and 38.5 min were respectively conˆrmed to be (±)-4?-OHJA and (±)-epi-TA by the experiments mentioned in the previous paper.
14 ) The amounts of the metabolites were determined from the ratios of the peak areas of the ions that corresponded to the deuterium-labeled compounds and the internal standard.
Weˆrst tried to detect deuterium-labeled (±)-epi-TA and (±)-4?-OHJA in the potato stems according to the reported procedure 13, 14) by using (±)-epi-TA as an internal standard. However, the peaks derived from deuterium-labeled (±)-epi-TA and (±)-4?-OHJA could not be detected. When the ions were monitored at m W z 225, there were no peaks at around 35.5 and 38.5 min in either the feeding or non-feeding experiments. This result led to the conclusion that endogenous TAG and epi-4?-OGlcJA could not be detected by the conditions described in the experimental section or that they were not present in the potato stems. When the ions were monitored at m W z 230, peaks were observed at around 35.5 and 38.5 min in the proˆle from the feeding experiment (Fig. 2, proˆle B) , but no corresponding peaks were apparent in the non-feeding experiment (Fig. 2, pro- le A). These two proˆles (A and B) in Fig. 2 strongly suggest that deuterium-labeled (±)-JA was metabolized to glycosylated (±)-JAs. Although there was another peak around at 49 min in proˆle B of Fig. 2 , we did not investigate the origin of this peak. We did another run of feeding experiments by using deuterium-labeled (±)-JA at 10 -4 and 10 -5 M, the results being reasonably consistent. Based on each peak area derived from (±)-epi-TA and (±)-4?-OHJA with (±)-dihydro-epi-TA, the amounts of the metabolites were evaluated as shown in Table 1 . We also tried feeding experiments with deuterium-labeled (±)-epi-OPC 8:0 at 10 -4 M. Like the feeding experiments with deuterium-labeled (±)-JA, the peaks derived from deuterium-labeled (±)-epi-TA and (±)-4?-OHJA could be detected when deuterium-labeled (±)-epi-OPC 8:0 had been fed to the potato stems (Fig. 3) .
The metabolic features of [1!-14 C]-(±)-JA and the transportation of the metabolite from the lea‰ets to anther parts have been reported in a previous paper. 9) Although detailed chemical information about the metabolite was not given, it was demonstrated that the radio-active peak after the feeding experiment was a single one that possessed the same retention time as that of (±)-epi-TAG. In this present study, the metabolic fate of deuterium-labeled (±)-JA and (±)-epi-OPC 8:0 to glycosylated JAs was strongly suggested. Although we need to try a feeding experiment of [1!-14 C]-(±)-JA to potato single-node stems, taking the result reported in the previous paper 9) into consideration, it seems reasonable to suppose that the respective origins of detected deuterium-labeled (±)-epi-TA and (±)-4?-OHJA were deuteriumlabeled (±)-epi-TAG and 4?-OGlcJA. However, it is likely that deuterium-labeled (±)-JA and (±)-epi-OPC 8:0 were metabolized to other derivatives due to the low incorporation rates of these compounds. The presence of 4?-OGlcJA has been proved in the potato plant (S. tuberosum) 14) and in a suspension culture of Eschscholtzia, 15) while that of 4?-OHJA has been demonstrated in lea‰ets of S. demissum. 16) Jasmonates that had been hydroxylated in the pentenyl side chain have been detected in fungi. 17) Apart from those of TAG and TA, the biological roles of these hydroxylated jasmonates still remain to be resolved.
